The effect of temporal and geographic factors on the population structure of Bordefella pertussis was studied using IS 1002-based RFLP analysis. Among the 106 strains analysed, 36 different RFLP types were observed. For the Dutch strains, there was evidence for a shift in the population structure in time since the majority of strains were found in different families of related strains in successive periods. Most pronounced were the differences observed between 1950-1954 and later periods. This difference may have been caused by the introduction of the whole-cell vaccine in 1953, resulting in the expansion of strains which are less affected by vaccine-induced immunity. Strains with RFLP types identical to the vaccine strains were observed in the period 1950-1954, but not later, suggesting a decreased frequency of such strains due to vaccination. Analysis of strains from the 1994 Dutch pertussis epidemic revealed that 71 O/ O of the strains belonged to two RFLP types, indicating that pertussis epidemics are caused by clonal expansion. IS 1002-based RFLP analysis of strains from different countries suggested a partial geographic isolation of B. pertussis populations. One RFLP type was found to have a wide distribution in time and in space.
INTRODUCTION
Whooping cough is a highly contagious infection of the respiratory tract, caused mainly by Bordetella perttlssis. In the pre-vaccination era, nearly every child contracted whooping cough and this infection was a major cause of infant death throughout the world. After the introduction of whole-cell vaccines (WCVs) in the 1950s, the morbidity and mortality was significantly reduced in the developed world. However, in developing countries whooping inadequate vaccine coverage. In spite of the high vaccination rate in countries like Canada, Finland, the remains endemic, with epidemic outbreaks occurring every 3-5 years (Fine 8~ C1arkson9 1987) ' evidence has been presented that in highly vaccinated populations the incidence of B. pertzlssis is increasing (Bass & Wittler, 1994; World Health Organization, 1994) . Although more than 95% of Dutch children are vaccinated against whooping cough, and the incidence of the disease is relatively low, small-scale local outbreaks are common. The latest epidemics of whooping cough in the Netherlands occurred in 1989 and in 1994. 2  2  3  1  1  1  1  2  5  10  1  1  1  2  3  1  1  1  1  1  1  1  1  1  2  2  2  1  1  1  1  1  1  2  1  1  1  7 et al., 1996) .
DNA techniques. Preparation of chromosomal DNA was carried out as described previously by Ausubel e t al. (1987) . B.
pertzlssis chromosomal DNA was digested with the restriction endonuclease SmaI, according to the instructions of the manufacturer. The DNA fragment that was used as a probe was obtained by PCR (see below) using chromosomal DNA from B. pertussis Tohama (Kasuga et al., 1953) as a target. The PCR conditions were as described before (van der Zee et al., 1993) . The fragment was isolated from gels using Geneclean (BiolOl), and labelled with peroxidase according to the instructions of the manufacturer (ECL ; Amersham). Southern blotting was performed as described by Maniatis et a/. (1982) .
DNA fingerprinting. The probe used for Southern hybridization in this study comprised a 293 bp internal PCR fragment of IS 1002. This fragment was generated using primers HG1, 5'-GCCGATGCGTTCCATATA-3', and HG2, 5'- (Kasuga et al., 1953 ), 18-323 (Kendrick et al., 1947 
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RESULTS
IS1002-associated RFLP of B. pertussis strains
To study the effect of geographic and temporal factors on the population structure of B. pertzlssis, IS 1002-associated RFLP of 106 B. pertussis strains derived from different periods and countries was investigated. All strains were found to contain IS1002 and the number of copies varied from four to eight. The different patterns obtained are shown in Fig. 2 . The large majority of strains shared an IS 1002 fragment of 5 kb and more than half of the strains were found to contain fragments of 9 and 10 kb. Nevertheless, 36 different patterns could be distinguished. All patterns were ordered by similarity using three different methods of clustering (i.e. neighbour joining, UPGMA and WARD), which produced similar results. Fig. 2 shows the WARD method of clustering, which led to the grouping in five families or clades of related patterns (clades A-E).
Fifteen of the strains had previously been typed by PFGE. These strains originated from Canada and had been selected for all having a different PFGE type (de Moissac et a/., 1994). By IS1002-based DNA fingerprinting, these strains were differentiated into 12 different types. Three pairs of strains showed the same RFLP type. These data suggest that the degree of differentiation by IS 1002 fingerprinting is comparable to PFGE.
151002-associated RFLP of epidemiologically related and unrelated B. pertussis strains isolated in the Netherlands
We investigated whether IS 1002-associated RFLP could distinguish between epidemiologically related and unrelated strains, by fingerprinting strains from two micro-epidemics and a number of strains which were not expected to be epidemiologically related. Three B. pertussis strains were isolated in 1992 during a micro-epidemic of whooping cough in a convent. These three strains showed an identical RFLP pattern, type D1 (Table 1) . Another known micro-epidemic comprised four B. pertzlssis strains which were isolated in 1990 from different members of a single family within a period of 2 weeks. These epidemiologically related strains also shared a single RFLP pattern, type C2 (Table 1) . In contrast, isolates with no known epidemiological relationship showed more variable banding patterns. This is illustrated in Fig. 3 , which shows the fingerprints of 10 strains isolated in the same town in the Netherlands, six of which were from 1993, and four from 1988 to 1990. Among the six isolates from 1993, three different, but related, RFLP patterns were observed (Fig.  3 , lanes 1-6; types C1, C6 and Dl). However, the strains that were isolated in the years 1989-1990 all differed in RFLP type (Fig. 3 , lanes 7-10; types C3, C5, C6 and D5). The RFLP patterns of three strains isolated outside the Netherlands were clearly distinct from the patterns of the Dutch strains (Fig. 3 , lanes 11-13; types E l , A2 and C4). These results, and the ones described below, show that IS 1002-associated RFLP has sufficient sensitivity to identify epidemiologically related B. perttlssis strains.
IS1002-associated RFLP of B. pertussis strains isolated in the Netherlands during various periods from 1950 to 1994
We compared the RFLP patterns of 55 Dutch strains isolated in the period 1950-1994 (Fig. 2) . No known epidemiological relationship existed between these strains. The Dutch strains were divided into four groups corresponding to the periods 1950 -1954 (group I), 1978 (group II), 1991 (group 111) and 1994 . When the four periods were compared, it was striking that 12 out of 15 strains from the period 1950-1954 belonged to clade A, whereas none of the strains from the other periods were found in this clade. The strains from the periods 1978-1990 and 1991-1993 were mainly found in clades C and D (nine out of eleven strains, and eight out of eight strains, respectively). Group IV (period 1994) comprised strains from the latest whooping cough epidemic in the Netherlands. The 21 strains were randomly chosen from the 46 isolates received during the epidemic year and were mainly found in clades B and C (17 out of 21 strains). All 15 strains isolated during the peak of the epidemic (i.e. in the period August to December) were of type B3 and C5. The six strains isolated before the peak were of types B1, B2, D6 and D9.
Interestingly, only one RFLP type (Dl), comprising two strains, was also observed in the preceding period,
These results indicate that, with time, the population structure of B. pertassis changed in the Netherlands. The most pronounced differences are observed between 1950-1954 and later periods. This difference may have been caused by the introduction of the WCV in 1953. The Dutch WCV comprises two strains of RFLP types A1 and D2 (Table 1) . These RFLP types were found twice and once, respectively, in the period 1950-1954, but not in later periods.
1991-1 993.
IS1002-associated RFLP of B. pertussis strains isolated in other countries
T o study the association between fingerprint patterns and the geographic origin of B. pertmsis, 45 strains were analysed originating from Germany, China, Japan, USA and Canada. The majority of these strains were isolated after 1985 (Table 1 ). The RFLP patterns of these strains, together with the Dutch strains, are shown in Fig. 2 . The RFLP types of seven of the eight German isolates were also found among the Dutch strains. In contrast, only 12 out of 33 strains isolated from outside Europe shared RFLP patterns with the Dutch strains. A pronounced clustering of the Japanese strains was observed: nine of the ten strains analysed were found in clade E. This clade contains only four strains from other regions. The Canadian strains were mainly found in clade D (10 out of 15 strains). Thus the analysis of strains from the Netherlands, Germany, Japan and Canada reveals an association between RFLP type and the geographic origin The numbers in the fifth column represent the sum of all isolates from the Netherlands of a particular RFLP type. NL, the Netherlands; GE, Germany; CHI China; JP, Japan; US, USA; CN, Canada; and XX, unknown, except the isolate marked with an asterisk, which was from the United Kingdom.
of strains, possibly indicating divergence due to geographic isolation in spite of international travel. Not enough strains from the remaining regions (China and the USA) were analysed for meaningful conclusions concerning the population structure.
The most widely disseminated RFLP type was D1, which was found among isolates from five of the six countries analysed. In the Netherlands, this type was found in all four periods, indicating that this RFLP type persisted for more than 40 years.
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DISCUSSION
Studies with a number of pathogenic bacteria have shown that DNA polymorphism associated with IS elements can be used to study the population structure of bacteria of the same species, and establish genetic relationships, even when bacteria are very closely related (Van Soolingen e t al., 1994) . This study describes the first application of ISbased RFLP to study the epidemiology and population structure of B. pertzlssis. We used IS7002-based RFLP analysis to investigate the influence of temporal and geographic factors on the population structure of B. pertzlssis. For the Dutch strains there was evidence for a shift in the population structure with time since the majority of strains were found in different clades in successive periods (Fig. 2 ). An interesting observation was that 67 % of strains from the period 1950-1954 were found in clade A, a clade which did not harbour strains from later periods. Large-scale vaccination of the Dutch population with the pertussis WCV was initiated in 1953 and vaccination coverage has been high ever since. Thus it is tempting to speculate that vaccination is responsible for the observed difference between the population structure of strains from the prevaccination (1 950-1 954) and the post-vaccination (1 978-1994) periods. More than 40 years of vaccination may have resulted in the expansion of strains which are less affected by vaccine-induced immunity due to antigenic differences with the vaccine strains. The Dutch WCV is composed of two strains of RFLP types A1 and D2 (Table  1) . Although both RFLP types were observed in the Netherlands in the period 1950-1954, they were not observed in later periods. This suggests that vaccination has decreased the frequency in the population of strains identical to, or closely related to, the vaccine strains. These phenomena may result in a reduced vaccine efficacy.
An alternative explanation for the differences in population structure between the pre-and post-vaccination eras is that it reflects the normal dynamics of B. perttrssis populations with time. We are currently investigating both possibilities by comparing the population structure of strains derived from non-immunized populations in different periods, and by comparing the antigenic structure of Dutch strains from the pre-and post-vaccination eras.
Pertussis is an endemic disease with epidemic periods every 3-5 years (Fine & Clarkson, 1987) . It is conceivable that these epidemics are caused by the expansion of a limited number of clones which are less affected by host immunity induced by previous epidemics. Consistent with this assumption is our observation that 71 % (15 out of 21) of the strains from the 1994 pertussis epidemic in the Netherlands belonged to two fingerprint types (C5 and B3). If different strains emerge because of pre-existing immunity in the population, one may expect that strains with RFLP types other than C5 or B3 were prevalent in the epidemic of 1989, which preceded the 1994 epidemic. Unfortunately, insufficient strains were available from this period to test this hypothesis. During recent outbreaks of pertussis in the United Kingdom (Syedabubakar e t al., 1995) and Canada (de Moissac et al., 1994) , two dominating strains (as determined by PFGE) were also found, consistent with our finding. Long-term future surveillance of circulating B. pertzlssis strains, and comparison of RFLP types in isolates from epidemic as well as inter-epidemic periods, will have to clarify whether clonal replacement takes place between outbreaks.
To study geographical variation, B. perttlssis strains from different regions were compared by IS 7002-based RFLP analysis (Fig. 2) . This analysis showed a large overlap in RFLP types between the Dutch and German isolates; only one out of eight German strains revealed a unique RFLP type, suggesting that the Dutch and German B.
